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METHOD AND APPARATUS FOR
DETERMINING A SYSTEM FREQUENCY IN
MAGNETIC RESONANCE IMAGING

BACKGROUND OF THE INVENTION

Field of the Invention

The 1invention concerns a method for determining a sys-
tem frequency 1in magnetic resonance (MR ) imaging, as well
as a system frequency determination device and a magnetic
resonance system.

Description of the Prior Art

The object of frequency adjustment prior to an MR 1mage
data acquisition procedure capture process 1s a reliable and
precise determination of the water frequency, which 1s also
referred to as the system frequency. The so-called water
frequency corresponds to the frequency of the protons bound
in water. The determination 1s necessary because, when MR
diagnostic data are subsequently acquired, the magnetic field
can be modified by the introduced object under examination
and depends on the location of the measurement 1n the MR
scannet.

In order to ensure a reliable frequency adjustment,
maxima of an acquired spectral distribution of MR signals
must be analyzed, correctly determined, and finally assigned
to the correct substance, such as fat, water or silicone.

The frequency adjustment 1s conventionally based on the
determination of a cross-correlation between an acquired
frequency spectrum and a model having two maxima (water
and fat at -3.4 ppm of water). This approach functions
reasonably well 1t exactly two maxima are present in the
acquired spectrum. If, however, only a single maximum 1s
determined, there 1s a special procedure 1 order to deter-
mine whether the single maximum 1s assigned to the sub-
stance fat or the substance water. In this situation, again on
the basis of a cross-correlation, small secondary maxima are
sought on both sides of the primary maximum. If no clear
indication can be found for fat or water, the primary maxi-
mum 1s assigned to the substance water. If a switch has
previously been operated on the MR system, the operation
of which switch 1s based on the assumption that the fat
dominates the MR 1maging, then the primary maximum 1s
assigned to the substance {fat.

In addition, 1n the case of chest examinations, the sub-
stance silicone can also occur, which 1involves a third fre-
quency component (at —4.5 ppm of water) in the measured
frequency spectrum. A special mode i which silicone 1s
taken 1nto consideration 1n a model having two maxima can
conventionally also be activated 1n this case, wherein fat 1s
replaced by silicone. In the case of an unclear detection of
a single maximum 1t 1s defined that the primary maximum 1s
assigned to the substance silicone.

In the conventional method using cross-correlation,
widths of the maxima, amplitude ratios and frequency
positions of the maxima of the model are compared with the
measured signal or the measured frequency spectrum. On
current MR systems having highly optimized numeric pro-
grams this process requires approximately 300 ms. If 1n
addition a search for a special single maximum 1s performed,
as has been described above, then even more computing
time and run time are needed. If a third maximum 1s also
taken 1nto consideration 1n the calculations, as in the case of
the occurrence of silicone, then the computing time with the
conventional approach 1s in the order of minutes, which 1s
not acceptable.
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2
SUMMARY OF THE INVENTION

An object of the present invention i1s to provide a more
cllective method for determining a system frequency in MR
imaging, which 1n particular requires less time.

In the method according to the invention for determining
a system frequency in MR imaging, a frequency spectrum 1s
first determined for a region under examination. A global
frequency spectrum 1s acquired when the frequency spec-
trum 1s determined.

The acquired MR signals can be converted, for example,
by a Fourier transformation into frequency spectra. The
frequency spectrum can have, for example, a particular
“length”, where a “length” of the frequency spectrum can be
understood to be the number of measuring points in the
frequency domain for a predetermined spectral resolution of
the measurement. Furthermore, on the basis of the acquired
frequency spectrum, a cost function i1s determined that
encompasses the difference between a parameterized model
function having assigned parameters, which 1s to be opti-
mized, and the acquired frequency spectrum. In this situa-
tion the parameterized model function models the measured
frequency spectrum with the aid of a plurality of parameters.
The cost function 1s subsequently minimized. The minimi-
zation can be carried out for example with the aid of an
iterative or other optimization method. Subsequently, the
parameters of the optimized parameterized model function
which are assigned to the determined minimum are deter-
mined. Finally, the system frequency 1s determined on the
basis of the determined parameters.

In this context, a cost function 1s to be understood as a
function 1n which a deviation from a behavior expected for
theoretical or modeling reasons 1s accompanied by an
increase 1n the function value.

In contrast to the conventional approach in which the
parameter space 1s simply scanned and every combination of
parameters 1s calculated, according to the invention an
optimization method 1s applied. Due to the convergence
achieved durmg the optimization the method according to
the invention 1s considerably more effective and faster than
the conventional approach, which means that a model func-
tion having more than two maxima, for example a model
function for water, fat and silicone, can also be adjusted to
the measured frequency spectrum within an acceptable
timeframe. With the aid of the optimization algorithm
according to the mnvention an attempt 1s made to achieve the
best match between the measured signal and the model
function. This 1s achieved by minimizing the cost function.

The system frequency determination device according to
the invention has an mput iterface for the acquisition of a
frequency spectrum of a region under examination. In addi-
tion the system frequency determination device according to
the mvention has a cost function determination processor for
determining a cost function which encompasses the difler-
ence between a parameterized model function and the
acquired frequency spectrum. Part of the system frequency
determination device according to the invention 1s also an
optimization processor for the iterative minimization of the
cost function. The system frequency determination device
furthermore has an evaluation processor for determining the
parameters ol the parameterized model function assigned to
the determined minmimum. Finally, the system frequency
determination device according to the mvention also has a
system frequency determination processor for determining
the system frequency on the basis of the determined param-
cters of the parameterized model function. These processors
can be separate or combined.
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The magnetic resonance 1imaging system according to the
invention has a control computer that 1s configured to
control the magnetic resonance 1maging system using the
method according to the invention, and that has a system
frequency determination device according to the invention.

The basic components of the system frequency determi-
nation device according to the invention can be designed in
the form of software components. This concerns 1n particu-
lar the cost function determination device, the optimization
unit and the evaluation unit. In principle these components
can also to some extent, particularly where fast calculations
are 1volved, be implemented in the form of software-
supported hardware, for example FPGAs or the like. The
required 1interfaces, for example 1f this mvolves only a
transier of data from other software components, can like-
wise be designed as soiftware interfaces. They can also be
designed as interfaces of hardware construction that are
controlled by means of suitable software.

The system frequency determination device can be part of
a user terminal or of a control computer of a magnetic
resonance imaging system.

A largely software implementation has the advantage that
control units or terminals or other host systems already
previously 1n use can also be upgraded 1n a simple manner
by means of a software update in order to operate 1n the
manner according to the invention. In this respect the object
1s also achieved by a non-transitory, computer-readable data
storage medium that can be loaded directly into a memory
of a control computer of a magnetic resonance system,
having program code 1n order to execute all the steps of the
method according to the mmvention when the program code
1s executed in the control computer. The memory can be, for
example, part of the control computer or part of a host
system of a magnetic resonance system.

In an embodiment of the method according to the inven-
tion the parameterized model function includes as param-
cters a peak width, a peak amplitude and also a center
frequency.

The model function on which the method according to the
invention 1s based may be as follows:

(1)

2 or3
D (@ LRECE, 2, W)+ (ai- LY (f, £2, w))?

\ i=1

m(f) =

LRE LIM

where the [orentzian functions and are as follows:

iw_z (2)
LFE(F, £0, w) = 1 12 ,.
EW? +(f —ﬁﬂ)z

1 (3)

—=wi(f = )
LM (g, 50wy = 23 3
S+ = 0

where m(1) 1s the model function dependent on the 1fre-
quency f, fi° is the center frequency of the Lorentzian
maximum, w, represents the width of the Lorentzian maxi-
mum and a, represents the amplitude of the Lorentzian
maximum. A maximum of a frequency spectrum which can
be modeled with the aid of the stated Lorentzian functions
of the equations 2 and 3 1s to be understood as the Lorentzian
maximuin.
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4

In the method according to the invention, the cost function
preferably 1s the sum of the squares of the difference
between the parameterized model function and the acquired
frequency spectrum. Deviations between model function
and acquired frequency spectrum are incorporated squared
in such a cost function.

The aforementioned cost function 1s based on a regression
using the method of least squares, which corresponds to the
classic adjustment of a curve, but wherein additional restric-
tions and boundary conditions preferably apply. The cost
function 1s furthermore preferably normalized in order to
ensure comparability.

In an embodiment of the method according to the inven-
tion the cost function has weighting parameters that effect a
restriction 1n respect of the differences of the widths of the
maxima and the heights of the various maxima of the
parameterized model function to be optimized. The model
function on which the method according to the invention 1s
based can preferably be parameterized with respect to the
differences of the widths of the maxima and the heights of
the maxima of the various maxima. In other words, the
aforementioned parameters will only be adjusted during the
optimization of the cost function. However, since the values
of the stated parameters, as 1s known on an empirical basis,
approximate to certain values 1t 1s expedient to take due
account of a deviation therefrom in the cost function.

With the use of the cost function, restrictions are set
during the optimization process for the parameters of the
width w, of the maxima and of the amplitude a, of the
maxima of the frequency spectrum or of the corresponding
model function. At the same time, a restriction of the
positions of the maxima 1s also defined, albeit 1n an indirect
manner, with the aid of the cost function.

A cost function FOM can be read as follows:

(4)
FOM =

1 < 5
| =2, U =mf)).
k=1

where m(1,) 1s the model function in the case of the
frequency position 1, s(1,) 1s the signal of the frequency
spectrum at the frequency position 1,, n 1s the length of the
model function and ot the measured signal vector, ¢; repre-
sents a restriction factor and o, represents the weighting
factor of the restriction by the restriction factor; the number
of restriction factors 1s limited to 2 in this specific case but
may also have a different value.

For the case of a model function m(1,) having two maxima
(specifically quoted here for fat and water but not limited
thereto) the restriction factors are for example defined as
follows:

at \2 S

o= flﬂ_fzﬂ_&{v;rfr ( )
Lo dfsrre!_pmk ' fs 5

W — wh \2 (6)

C2 = 1 ]
E(Wl +W2)J

where c, represents a restriction factor of the distances of the
frequencies of the maxima, al represents a weighting factor
for the restriction factor of the distances of the frequencies
of the maxima, dist,; ... represents a scaling factor tor the
restriction of the distances of the frequencies of the maxima,
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which for example can have the value 0.6, ¢, represents a
restriction factor for a positive correlation of the widths of
the maxima, ., represents a weighting factor for the restric-
tion factor of the positive correlation of the widths of the
maxima, A’ defines a predetermined reference distance

Wrler

between the maxima of the two predominant substances in
the region under examination, for example fat and water, and
t_1s the system frequency. The system frequency here 1s the
frequency which has most recently been defined as the water
frequency (this was therefore used to carry out the measure-
ment which delivers the data for the frequency spectrum).
Theoretically, the system frequency results from the Larmor
constant of the water protons multiplied by the field strength
of the MR system.

If the model function 1s extended to three diflerent sub-
stances, then the restriction factors become correspondingly
more complex; they are then for example:

"y

(7)

0 (0 Afat Y2 g 0 0  Asilicone 2
fl _ fZ _ &WGIEF fl _ f3 _ &WHIEI’
€1 = : T silicone
dISII‘E.'f_pEHk ] ﬁf; dict AW{]I‘E}‘ f
rel _peak - “Js

\ Waater /

(8)

2 2 2
. (Wp —wp)" + (W —w3)" +(wp —w3)
2 p—

1 2
(3- §(W1 + o + Wg)]

where ¢, represents a restriction factor of the distances of the
frequencies of the maxima, o, represents a weighting factor
for the restriction factor of the distances of the frequencies
of the maxima, dist,; ... represents a scaling factor for the
restriction of the distances of the frequencies of the maxima,
which for example can have the value 0.6, ¢, represents a
restriction factor for a positive correlation of the widths of
the maxima, ., represents a weighting factor for the restric-
tion factor of the positive correlation of the widths of the
maxima, A A#eore  define a predetermined ref-
erence distance between the maxima of the respective pre-
dominant substances in the region under examination, for
example fat and water or silicone and water, and 1_ 1s the
system frequency.

The basis of the restriction factor ¢l of the distances of the
frequencies of the maxima 1s the fact that, in contrast to
conventional approaches, no fixed distances between the
maxima are defined 1n the model function. In reality the
distance between the maxima 1s not always the distance
predicted by the theoretical model, which can be attributed
to an inhomogeneity of the magnetic fields or varniable fat
content. Therefore with regard to the optimization according
to the mvention of the theoretical model, 1t 1s permitted to
change the distance of the maxima during the optimization,
but costs arise for the deviation from the theoretical i1deal
value.

The basis of the restriction factor c¢2 1s the fact that
unequal widths of the maxima are permitted for different
substances, but are also monitored. It 1s theoretically
assumed that the widths of the maxima are equal owing to
the same underlying magnetic field. The widths of the
maxima vary in reality, however, the maximum for fat being
somewhat wider due to the diversity of fatty components
and ol the corresponding frequencies and the spatially
varying inhomogeneity of the magnetic field. In general the
widths are correlated positively, which should be ensured by
the restriction ¢,. In the cost function FOM, increasing,
differences 1n the width of the maxima are therefore penal-

1zed by means of costs increasing as a square function.
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6

Since a fast optimization algorithm operates with local, in
other words restricted, parameter ranges 1t 1s necessary to
prevent the optimization method ending 1n a local minimum
of the cost function. This problem can be overcome by
means of a suitable cost function as well as the correct
choice of start values or the correct choice of a set of 1nitial
parameters. The risk of the optimization method ending 1n a
local mimimum can thereby be reduced.

In a preferred embodiment of the method according to the
invention, for the preferably iterative optimization of the
cost function a plurality of sets of alternative start values are
therefore determined for the center frequencies assigned to
different substances. In this situation, it 1s assumed for each
of the sets of alternative start values that the primary
maximum of the acquired frequency spectrum 1s assigned to
a particular substance (water, fat, silicone) of the region
under examination. Furthermore, a minimization of the cost
function 1s carried out for each of the sets of alternative start
values. This action serves to avoid the situation where, as a
result of the choice of the start values, instead of the global
minimum of the cost function a local minimum 1s deter-
mined and used for the calculation of the system frequency.
When a plurality of sets of start values 1s used, after the
optimization the global minimum of the cost function can
still be found 1n a selection process. In other words, after the
optimization the result with the best match of signal and
model 1s used as the basis for the calculation of the system
frequency, for example the water frequency.

In detail, the described procedure for up to three different
substances (1n this case water, fat and silicone) can proceed
as follows. In order to set a number of start points, the
following assumption 1s made: There 1s one primary maxi-
mum and the primary maximum 1s assigned to either the
substance water, the substance fat or the substance silicone.
The frequency 1, _and the amplitude mag, _of the primary
maximum are in this context determined on the basis of the
frequency of the primary maximum of the acquired filtered
frequency spectrum. A filtered frequency spectrum 1s to be
understood as a frequency spectrum for the filtering of
which, for example, a low-pass filter was used, such as for
example a raised-cosine filter, the transmission function of
which falls off with high frequencies. On this basis three
start points or three sets of start values are calculated with
the following parameters. The start values to be set concern
the parameters 110, w1 and a1 of the model function m(f). For
the case that only two substances are contained in the region
under examination the index 1 1s accordingly restricted to 2.

It 1s first assumed for a first set of start values that the
primary maximum of the measured and filtered frequency
spectrum 1s assigned to the substance water. The start values
for the stated parameters are then set as follows:

"y

.fi arer :f X f Zf “ :f max diﬁ‘waf&r.ﬁxp .]%SI. :f max
difT.

Wweter,5is

wf:diﬁ‘warerfar/dEf—StartFWHMfar =1 ... 3

W ier

iy

9)

Here 1s the frequency assigned to the primary
maximum of the filtered frequency spectrum which 1s
assigned on a trial basis to the substance water for this set of
start values, £/ is the frequency assigned to the substance
fat of the corresponding secondary maximum and £, is the
frequency assigned to the substance silicone of the corre-
sponding secondary maximum. The start values for the latter
two frequencies can be obtamned for example from the
filtered frequency spectrum, where diff,, .., -, and ditt

_ — b
=mag,, .., >, d;=0.6*mag,, ...

weater
f,

w Water . Si
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are the reference values for the distances between the
maxima to be found 1in the frequency spectrum. The start
value for the width w, of the maxima of the frequency
spectrum results 1n each case from the distance diff,, ., ..
divided by the vanable def_startFWHM which 1s set for
example to the value 4 and may also be changed in an
embodiment of the method. In general this value 1s obtained
empirically.

It 1s, moreover, assumed for a second set of start values
that the primary maximum of the measured and filtered
frequency spectrum 1s assigned to the substance fat. The
start values for the stated parameters are then set as follows:

Werter — at — ST '
.](i f _fmax-l-dlﬁ‘warerfaﬂ Ef r_fm.:mc«" J% _fmax_dlﬂ‘farﬁf?

w=difl,, . o /det_statFWHM . . 3,

ay/“=mag__ a, a;=0.6*mag, . (10)

Here £/% is the frequency assigned to the primary maxi-
mum of the filtered frequency spectrum which is assigned on
a trial basis to the substance fat, f,”**" is the frequency
assigned to the substance water and £, is the frequency
assigned to the substance silicone. The start values for the
two frequencies f, water and £, can be obtained for example
trom the filtered trequency spectrum, where dift,, ., ., and
ditt, i, are the corresponding distances between the maxima
to be found 1n the frequency spectrum. The start value for the
width w, of the maxima of the frequency spectrum results in
each case from the distance dift, ., ., divided by the
variable detf_startF WHM which 1s set for example to the
value 4 at the start. This variable may also be changed 1n an
embodiment of the method.

It 1s also assumed for a third set of start values that the
primary maximum of the measured and filtered frequency
spectrum 1s assigned to the substance silicone. The start

values for the stated parameters are then set as follows:

_ _ ' S7_
](‘IWHIE'?"_f max+dlﬁwar€r Si féﬁlf_f max_dlﬁ‘far,ﬁi? .f_‘é-‘, I_f max®

w.=diil.

Wwerter, fa

Jdef_startFWHM,, .—, 3,

ST
—IMAag,,..x 41;

(11)

Here £, is the frequency assigned to the primary maxi-
mum of the filtered frequency spectrum which 1s assigned on
a trial basis for this set of start values to the substance
silicone, f,™%*” ;

as a>=0.6"mag, ..

1s the frequency assigned to the substance
water and f5/%’ is the frequency assigned to the substance fat.
The start values for the two frequencies f,"***” and /% can
be obtained for example from the filtered frequency spec-
trum, where dift .. ., and difl,, , are the corresponding

in the frequency

distances between the maxima to be found
spectrum. The start value for the width w, of the maxima of
the frequency spectrum results 1n each case from the dis-
tance dift, ., ., divided by the variable det_startF WHM
which 1s set for example to the value 4 at the start. This
variable may also be changed in an embodiment of the
method. It can 1n principle be obtained empirically.

To summarize, each set of start values, also referred to as
a start point, 1s constructed as a vector X, having for example
s1X or nine elements, depending on whether 1=2 or 3, in other
words whether the measured frequency spectrum 1s based on
two diflerent substances or three different substances. In the
context of this definition the vector 1s x,=(1,, w,, a,).

An 1terative optimization i1s usually carried out. The
optimizing iteration method i1s terminated, for example,
when the cost function no longer changes or changes only
very slightly. With the method according to the invention the

objective 1s to find a frequency as precisely as possible;
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hence the frequency can alternatively be used directly as the
termination criterion. This means that a specific quality of
optimization 1s ensured and unnecessary iteration passes are
avoided. As a result of the optimization, for example, the
final value of the optimized cost function, the positions of
the maxima, the widths of the maxima and the amplitudes of
the maxima are output, 1n line with the optimized parameters
of the model function.

In a vanant of the method according to the invention, the
quality of the optimization 1s assessed depending on whether
the function value of the mimmized cost function under-
shoots a threshold value. For example, in the case of
ambiguous frequency spectra, 1t may occur that a precise
determination of the system frequency 1s not possible. For
this situation the quality test serves to indicate to the user
that the user 1s unable to perform a reliable determination of
the system frequency on the basis of the acquired frequency
spectrum. In such a case of a poor match between signal and
model, additional special methods can be applied in order to
nevertheless determine the system frequency.

In a preferred embodiment of the method according to the
invention, from the results of the minimization operations of
the cost function based on different sets of start values,
which result 1s selected to which the lowest mimmized
function value of the cost function 1s assigned. As already
mentioned, 1t may occur that, 1n the case of optimizations
having one set of start values, it 1s not the global minimum
ol the cost function that 1s determined. In order to avoid this,
following a number of optimizations, a selection 1s made, on
the basis of various sets of start values, of the start values
that result in the global minimum of the cost function.

In an alternative embodiment of the method according to
the invention, during the evaluation of the minimization 1t 1s
determined whether the frequency spectrum assigned to the
determined parameters of the optimized parameterized
model function has a single maximum. The determination 1s
implemented by checking whether the size ratio of one of the
maxima exceeds a certain minimum value, also referred to
as the single peak factor, in comparison with the other
maxima. This check can take place on the basis of the results
of the optimization that 1s assigned to the cost function
having the lowest value.

In a preferred embodiment of the method according to the
invention, in the event that the frequency spectrum of the
optimized parameterized model function has a single maxi-
mum, which has been determined as described above, an
additional peak 1s determined by reducing the detection
threshold and the nature of the substance assigned to the
single maximum 1s determined on the basis of the position
of the additional peak, as 1s described in detail 1n the
following.

In detail, 1n this embodiment a detection algorithm using
the described threshold value 1s applied in order to find
secondary maxima 1in the vicinity of the primary maximum
or single maximum. The filtered spectral data 1s usually used
for this step. With the algorithm the detection threshold 1s
reduced step by step, for example halved with each pass,
until at least one secondary maximum 1s found at a suitable
distance or the lowest value for the detection threshold is
reached. The distance of a secondary maximum 1s “suitable”
when 1t 1s located at an interval of +/—(thl_PeakDist*{ )
away irom the theoretical position. In this situation the value
thl_PeakDist 1s obtained empirically.

If a number of secondary maxima are found, then the one
with the greatest amplitude 1s used in order to decide
whether the single maximum 1s assigned to water or fat. I
no secondary maximum at all or no secondary maximum at
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a “suitable” distance has been found, the primary maximum
1s treated as a water maximum.

For the case that, 1n the presence of silicone, only a single
maximum has been found, the detection threshold 1s reduced
step by step, for example halved with each pass, until at least
two secondary maxima are found at “suitable” distances or
the lowest value for the detection threshold 1s reached. The
type or the substance assigned to the respective maximum 1s
determined on the basis of the positions of the secondary
maxima. If no secondary maxima at all or no secondary
maximum at a “suitable” distance has been found, the
primary maximum 1s treated as a silicone maximum.

If no single maximum has been detected, which means
that a number of maxima were available during the optimi-
zation and the optimization 1s reliable, then the result of the
optimization to the set of start values for which the opti-
mized cost function has the smallest value 1s selected from
the number of results to the various sets of start values.

For the calculation of the system frequency, for the case
of a single maximum, the values of the optimization are
preferably used which are assigned to those start values
which belong to the substance type which has been deter-
mined 1n the analysis described above as the substance type
assigned to the single maximum. If the single maximum has
for example been determined as a water maximum then the
results assigned to the start values of equation (9) are used
for the calculation of the system frequency. This preferably
applies only 1n the event of the occurrence of a single
maximum. Otherwise the selection of the results of the
optimization 1s eflected as already described, namely 1n such
a manner that the results assigned to the optimized cost
function having the lowest value are used for the calculation
of the system frequency.

The calculation of the system frequency can be performed
on the basis of a weighted mean value calculation depending
on the frequency value of the primary maximum and the
frequency values of at least one secondary maximum of the
optimized modeled {requency spectrum, wherein the
welghtings are the determined amplitudes of the determined
maxima of the optimized parameterized model function.

For example, 1n the event that water and fat are present as
substance types 1n the region under examination, not only
the position of the water maximum determined by the
optimization but also the other maxima, i this case for
example the fat maximum, are used for the calculation of the
system Irequency, 1n other words of the water frequency. If
only a small water maximum but a highly pronounced fat
maximum has been detected, the water frequency can be
defined on the basis of the distance between the fat maxi-
mum and the water maximum. This 1s achieved by the stated
weighted calculation:

0 0 4
ﬁﬂﬂ-‘f _ ﬂ'l .fi_ +ﬂ2.(f2 +ﬁi’f¥f€?’)

hi

(12)

; + ds

Here f /7% is the final result, in other words the defini-
tively calculated system frequency. The weights a, result
from the optimized and parameterized model function m(1).
The distance A 1s a reference value for the distance of

WwWater

the corresponding maxima or of the two frequencies 101,
102.

The method according to the invention 1s carried out
particularly eflectively on the assumption that the region
under examination also comprises silicone in addition to
water and fat. Furthermore, in this case the maximum
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assigned to the substance water 1s preferably weighted with
the value 1 when calculating the system frequency.

This procedure takes into account the problem that the
actual fat maximum 1s sometimes determined as a silicone
maximum and 1n this case the frequency of the small water
maximum would be overestimated.

Such a false estimation 1s avoided by the stated weighted
calculation:

L f0 4 ap - (£ + Aler) + az - (fY + Asiticone (13)

wWater

fﬁnﬂi —
i 1+£11+{,12

Here f /7% is the final result, in other words the defini-
tively calculated system frequency.

For the case described above where no suitable result 1s
achieved with the use of the described optimization method,
which can be recognized from the fact that the function
values of the cost function exceed a predetermined threshold
value, then a special method can be employed 1n order to
obtain an estimate of the system frequency as follows: The
maximum of the filtered frequency spectrum having the
greatest amplitude 1s chosen and a detection threshold for a
secondary maximum 1s again lowered step by step until a
secondary maximum has been found at a “suitable” distance
from the primary maximum. If a number of secondary
maxima have been found, then the greatest secondary maxi-
mum dominates the following estimate. A decision 1s taken
depending on the position of the secondary maximum as to
whether the primary maximum 1s assigned to the substance
water or the substance fat. The calculation of the system
frequency 1s then carried out 1n accordance with equation 12.
If no secondary maximum could be found at a “suitable”
distance, then the primary maximum 1s regarded as a water
maximum and the frequency thereof i1s used as the system
frequency.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s a graph of a frequency spectrum of a region
under examination, measured using a plurality of channels.

FIG. 2 1s a graph of a filtered frequency spectrum.

FIG. 3 1s a flowchart that illustrates the method for
determining a system frequency in accordance with a first
exemplary embodiment of the mmvention.

FIG. 4 1s a flowchart that illustrates the method for
determining a system frequency 1n accordance with a second
exemplary embodiment of the mvention.

FIG. 5 1s a schematic 1llustration of a magnetic resonance
imaging system in accordance with an exemplary embodi-
ment of the mvention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a frequency spectrum having two maxima
of a stimulated echo generated when a so-called STEAM
sequence 15 executed by an MR scanner. The amplitude A of
the respective echo 1s plotted in arbitrary units a.u. against
the frequency 1 or the deviation of the frequency from the
system frequency. The individual spectral curves with the
thin lines correspond in each case to the spectrum of an
individual channel of the antenna system of the MR system.
The thick uppermost line 1n the graph of FIG. 1 represents
the aggregate total spectrum, or the total spectrum, which
results from the sum of the squared individual spectra. The
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primary maximum can for example be correlated with the
water frequency and the secondary maximum at —400 Hz
can be correlated with fat.

FIG. 2 shows a total frequency spectrum s(1) having three
maxima. Different substances, such as for example water, fat
and silicone can for example be assigned to the individual
maxima of the spectrum s(1). FIG. 2 furthermore shows a
filtered frequency spectrum s/{t) which has been generated
by a filtering of the original total frequency spectrum s(1). A
typical threshold value of the filter used to generate the
filtered frequency spectrum s(1) 1s for example 1 ppm.

FIG. 3 shows a flowchart used to 1llustrate a method 300
for determining a system frequency i MR 1maging in
accordance with an exemplary embodiment of the invention.
In the step 3.1 a frequency spectrum s(1) of a region under
examination VOI 1s determined. The determination of the
frequency spectrum s(1) can for example be carried out 1n the
context of a test run 1n order to acquire a frequency spec-
trum. In the step 3.11 a cost function FOM 1is determined. The
cost function contains an expression which comprises the
difference between a parameterized model function m(1) to
be optimized and the acquired frequency spectrum s(1). It 1s
particularly effective 1t the parameterized model function
m(1) to be optimized and the acquired frequency spectrum
s(1) are taken into consideration in the cost function by
means of an expression which corresponds to a regression
model according to the method of least squares. For
example, the cost function disclosed by the equation 4 can
be used as the cost function FOM. In addition, the cost
tfunction FOM preferably contains special weightings which
also take into consideration empirical circumstances, such as
for example the fact that the difference of the frequency or
of the amplitude from various maxima of the frequency
spectrum 1s normally 1n a particular range. The weightings
also permuit a certain tlexibility, to also extend beyond certain
boundaries and restrictions. Details relating to the choice of
welghtings and restriction factors are described 1n conjunc-
tion with the equations (3) to (8).

In the step 3.11I the cost, function 1s minimized with the
use of a fast optimization algorithm. This serves to advan-
tageously prevent the iteration ending 1n a local minimum
through the choice of a suitable cost function and a suitable
start point. For example, 1t 1s also possible to choose a
plurality of start points and perform the iteration with a
plurality of start points. Furthermore, in the step 3.1II the
parameters ,”, w,, a, of the optimized parameterized model
function m, (1) which are assigned to the determined mini-
mum min(FOM) are determined. Finally, in the step 3.1V the
correct system frequency f /7% is determined. This can be
calculated, for example, from a weighted averaging of a
plurality of frequency parameters f° in accordance with
equation 12 or 13.

FIG. 4 illustrates a method 400 in accordance with an
exemplary embodiment of the invention, likewise 1n a
flowchart, where the steps 4.1, 4.111, 4.1V and 4.IX corre-
spond approximately to the steps 3.1, 3.1I, 3.III and 3.1V
while the steps 4.11, 4.V, 4. VI, 4VH and 4.VIII have no
equivalent in the method 300 and offer additional improve-
ments which enhance the performance and precision of the
method 400.

In the step 4.1, similarly to the step 3.1 a frequency
spectrum s(1) of a region under examination VOI 1s deter-
mined, where a total frequency spectrum i1s generated by
calculating the sum of squares of the spectra of the indi-
vidual channels of an antenna system of the MR systems.
Furthermore, a filtered frequency spectrum si(1) as 1s shown
in FIG. 2 1s also determined. The filtered spectrum si(1) 1s
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not used 1n all the following steps. The unfiltered spectrum
for example 1s used when adapting the model function to the
measurement data. In the step 4.11 a preprocessing of the
filtered spectral data si(1) 1s firstly performed, wherein for
example a frequency interval I(1) 1s defined on which the
subsequent optimization 1s based. Furthermore for example,
the global maximum of the frequency distribution or the
amplitude A (1) thereof 1s determined. In the step 4.111, as
in the step 3.11, a cost function FOM 1s determined. The cost
function contains an expression that 1s the diflerence
between a parameterized model function m(1) to be opti-
mized and the acquired frequency spectrum s(1).

In the step 4.1V, similarly to the step 3.111, an optimization
of the cost function FOM 1s performed, wherein a plurality
ol optimization passes are carried out with sets of difierent
start values. In this situation it 1s assumed for example in the
first pass that the global maximum of the frequency spec-
trum s(1) corresponds to a frequency of water. In the second
pass 1t 1s assumed for example that the global maximum
corresponds to a frequency of fat, etc. In total therefore,
depending on the choice of the start values, diflering results
ensue with regard to the optimization of the cost function
FOM. In other words, different optimized cost functions
FOM result. In the step 4.V, following termination of the
minimization 1t 1s determined whether the smallest of the
cost functions FOM, 1n other words the cost function FOM,
having the smallest function values, lies below a predeter-
mined threshold value absolute_FOM, ; thl. The predeter-
mined threshold value absolute FOM_thl can for example
be defined 1n advance on the basis of empirical data. This
test provides information about the reliability of the adap-
tation of the model function m(f) to the acquired spectral
distribution s(1) achieved by the optimization.

If 1t has been determined 1n the step 4.V that the adapta-
tion 1s reliable, in other words that the threshold wvalue
absolute_ FOM_thl has not been exceeded by at least one of
the optimized cost functions FOM, which 1s i1dentified in
FIG. 4 by “y”, then 1n the step 4. V1 1t 1s determined whether
a maximum Max,, of the determined optimized parameter-
ized spectral distribution m,_ (1) 1s greater by a predeter-
mined factor spf than all the other maxima max,, in the
determined optimized parameterized spectral distribution

m, (1). If this 1s the case, which 1s 1dentified in FIG. 4 by

“y”, then 1n the step 4.VII a selection step 1s performed 1n
order to select the correct single maximum. The filtered
spectral data s{t) 1s used for this, wherein a detection
threshold value for the determination of lower maxima 1s
decreased step by step until ultimately at least one additional
adjacent local maximum 1s found at a distance from the
primary maximum. Depending on the distance it 1s possible
to conclude therefrom to which substance the primary
maximum 1s to be assigned. If there 1s no secondary maxi-
mum, then 1t 1s assumed, for example, 1n the case of a
fat-water mixture that the global maximum 1s assigned to the
substance water. I silicone also forms part of the region
under examination, then it 1s assumed that, 1f no secondary
maximum 1s determined, the global maximum 1s assigned to
the substance silicone.

If 1t 1s determined in the step 4.V that none of the
optimized cost functions FOM satisfies the quality criterion,
in other words that none of the optimized cost functions
FOM lies beneath the predetermined threshold absolute_
FOM_thl, which 1s 1dentified in FIG. 4 by “n”, then 1n the
step 4.VIII a type of heuristic estimate of the system
frequency 1s carried out. In this situation the filtered spectral
data s{1) 1s examined, wherein a threshold for the detection

of a maximum 1s lowered step by step until two maxima are
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found. If the two maxima are situated at a suitable distance,
then they are selected and the greater of the two maxima 1s
assigned to the substance, for example water, from which 1t
1s expected that the substance generates the signal with the
greatest amplitude. I no double maximum 1s found, then the
primary maximum 1s assumed as the maximum which 1s
assigned to the substance, for example water, from which 1t
1s expected that the substance generates the signal with the
greatest amplitude. Subsequently 1n the step 4.1X an ampli-
tude-weighted calculation of the correct system frequency
f /74! is performed on the basis of the determined maxima.

FIG. 5 shows an exemplary embodiment of a magnetic
resonance system 51 according to the mmvention which 1s
capable of operating in accordance with the method 300, 400
according to the invention. The basic components of the
magnetic resonance system 51 1s the magnetic resonance
scanner 52 1tself, in which a patient P 1s positioned on a
patient support table 54 (also referred to as a bed 54) 1n an
annular basic field magnet 53, which encloses the measure-
ment chamber 55. A number of local coils S, also referred to
as magnetic resonance RF coils, are located on and, where
applicable, also under the patient.

The bed 54 can be moved 1n the longitudinal direction, in
other words along the longitudinal axis of the scanner 52.
This direction 1s referred to as the z axis in the likewise
illustrated spatial coordinate system. Inside the basic field
magnet 1n the scanner 52 1s situated a whole-body coil, not
illustrated 1n detail, with which radio-frequency pulses can
be emitted and received. In addition, in the usual manner, not
illustrated 1n the figure, the scanner 52 has gradient coils
enabling that apply a magnetic field gradient in each of the
spatial directions X, vy, Z.

The scanner 52 i1s controlled by a control computer 56
which 1s 1llustrated separately here. A terminal 64 1s con-
nected to the control computer 56. The terminal 64 has a
screen 67, a keyboard 65 and a pointing device 66 for a
graphical user interface, for example a mouse 66 or the like.
The terminal 64 serves inter alia as a user interface via of
which an operator operates the control computer 56 and
thereby the scanner 52. Both the control computer 56 and the
terminal 64 can also be an integral part of the scanner 52.

The magnetic resonance system 51 can also have all the
turther usual components or features of such systems, such
as for example interfaces for connection to a communication
network, for example of an 1image information system or the
like. For clarity sake, however, all these components are not
illustrated 1n FIG. 5.

An operator can communicate with the control computer
56 via the terminal 64 and thus ensure that the desired
measurements are carried out, the scanner 52, for example,
being controlled by the control computer 56 such that the
requisite radio-frequency pulse sequences are emitted by the
radio-frequency coils and the gradient coils are switched in
a suitable manner. The raw data RD coming from the
scanner 52 and required for the imaging are also required by
the control computer 56. To this end, the control computer
56 has a raw data generation processor 37 i which detected
signals from the scanner 52 are converted 1into raw data RD.
This 1s achieved by digitizing the detected signals. A recon-
struction algorithm 1s applied to the raw data RD to produce
image data BD 1n a signal evaluation processor 58, which
can be a module of the control computer 56. The image data
BD can be visualized on the screen 67 of the terminal 64
and/or stored 1 a memory or transferred over a network.
Furthermore the control computer 56 has a control sequence
generation processor 59 which 1s used to determine a control
sequence AS.
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For example, the control sequence generation processor
59 receives from the terminal 64 protocol data PR that
represent predetermined parameter values of a pulse
sequence AS to be determined. The control sequence gen-
eration processor 59 1s furthermore configured to provide a
control sequence AS, as an output, toon the magnetic
resonance scanner 32.

In addition, the magnetic resonance system 31 shown 1n
FIG. 5 has a system frequency determination device 70. The
system frequency determination device 70 1s configured to
determine a system frequency f /7% assigned to a region
under examination VOI of a patient P. Depending on sub-
stances present at a particular position and the locally
slightly variable magnetic field prevailing there, the system
frequency may also vary locally. The measurement for
determining the system frequency includes the output of a
so-called STEAM sequence having three RF pulses, with
which a stimulated echo 1s generated, where each of the
three RF pulses coincides with selection gradients 1n one of
the three spatial axes. The echo 1s Fourier transformed and
the signals from all the coil elements are added together. The
Fourier transform and addition can, for example, be per-
tformed with the use of a spectrum generation processor 58a
that receives raw data acquired during the measurement
from the raw data generation processor 37 and generates
spectral data s(I). The generated spectrum s(i) 1s then
transferred onward to the system frequency determination
device 70 1n accordance with an exemplary embodiment of
the mnvention. The system frequency determination device
70 has an 1mnput interface 71 that 1s configured to receive the
spectral data s(1) generated by the spectrum generation
processor 38a and forward this to a cost function determi-
nation processor 72. The cost function determination pro-
cessor 72 determines on the basis of the acquired frequency
distribution s(1) and a parameterized model function m(1) a
cost function FOM, which i1s the difference between the
parameterized model function m(1f) and the acquired ire-
quency spectrum s(1).

The cost function FOM generated 1s transferred to an
optimization processor 73 that minimizes the cost function
FOM with the use of an optimization algorithm. The opti-
mized cost tunction FOM, , 1s subsequently passed to an
evaluation processor 74 which determines parameters f,°, w,
a., assigned to the determined minimum min(FOM), of the
parameterized model tfunction m, (1) corresponding to the
minimum of the cost function. The optimized cost function
FOM is assigned corresponding parameters f.°, w,, a, of the
parameterized model function m(1), which 1s referred to in
this context as optimized model function m, (1). The
parameters f,°, w,, a, determined by the evaluation processor
74 are subsequently transierred to a system frequency deter-
mination processor 75. The system frequency determination
processor 75 then determines the correct system frequency
f /74! on the basis of the received parameters f,°, w,, a.. This
can be calculated, for example, from a weighted averaging
of a number of frequency parameters f,”. The determined
system frequency f /7% is subsequently transferred by an
output interface 75 to the terminal 64. In the terminal 64 the
system frequency f /% taken into consideration when cre-
ating a protocol PR which when completed 1s transferred to
the control computer 56. As already mentioned, the control
computer 56 comprises a control sequence generation pro-
cessor 39 that receives the protocol data PR from the
terminal 64 which already have predetermined parameter
values of a pulse sequence AS to be determined. From the
control sequence generation processor 39, the generated
control sequence AS 1s then provided to the magnetic
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resonance scanner 52 and the actual raw data acquisition can
be pertormed using the control sequence AS adapted to the
determined system frequency f, /7.
The components of the system frequency determination
device 70 required 1n a magnetic resonance system 31 1n
order to implement the imvention, such as the cost function
determination processor 72, the optimization processor 73
and the evaluation processor 74, can be created at least
partially or completely 1n the form of software components.
For example, the system frequency determination device 70
can also be part of the control computer 536. Normal mag-
netic resonance systems in any case have programmable
control units, which means that the invention can be imple-
mented 1in this manner preferably with the aid of suitable
control software. In other words, a corresponding computer
program product i1s loaded directly into the memory of a
programmable control computer 56 of the magnetic reso-
nance system 31 1n question, which has program code in
order to carry out the method 300 according to the invention.
Existing magnetic resonance systems can also be upgraded
simply and cost-effectively in this manner.
It 1s possible for some of the components to be also
implemented as subroutines in components already present
in the control computer 36 or for components that are
present to also be used for the inventive purpose. This
applies, for example, to the system frequency determination
device 70, which can be implemented 1n a system frequency
determination device that may already be present in an
existing control computer 56.
Although modifications and changes may be suggested by
those skilled 1n the art, 1t 1s the intention of the inventor to
embody within the patent warranted hereon all changes and
modifications as reasonably and properly come within the
scope of his contribution to the art.
I claim as my invention:
1. A method for determining a system frequency for
magnetic resonance (MR) 1imaging, comprising:
prior to operating an MR data acquisition scanner with a
computer 1n order to acquire diagnostic MR data from
an examination region of a subject, providing the
computer with a frequency spectrum acquired from the
examination region 1n the MR data acquisition scanner;

in said computer, automatically determining a cost func-
tion that represents a difference between a predeter-
mined model function that 1s parameterized with
assigned parameters, and the acquired frequency spec-
{rum;

in said computer, executing a minimization algorithm that

minimizes said cost function;

in said computer, executing an optimization algorithm

that optimizes said parameterized model function, to
obtain an optimized parameterized model function 1n
which at least one of said assigned parameter 1s
changed as a result of said optimization algorithm, and
determining parameters of said optimized parameter-
1zed model function corresponding to the mimimized
cost function; and

in said computer, using the determined parameters to set

said system frequency and emitting electronic control
signals from said computer, that include a designation
of said system frequency that has been set, to said MR
data acquisition scanner and operating said MR dat
acquisition scanner at the set system frequency in order
to acquire said diagnostic MR data from said exami-
nation region.

2. A method as claimed 1n claim 1 comprising employing,
as said parameterized model function, a parameterized
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model function having a center frequency of a maximum of
a frequency spectrum modeled by said parameterized model
function, and comprising, as parameters, a width and an

amplitude.

3. Amethod as claimed 1n claim 1 comprising determining,
said cost function as a sum of squares of the difference
between the parameterized model function and the acquired
frequency spectrum.

4. A method as claimed in claim 1 wherein said param-
cterized model function comprises, as parameters, a width
and an amplitude, and wherein said cost function comprises
weighting parameters that restrict differences of the respec-
tive widths and heights of multiple maxima of said param-
eterized model function.

5. A method as claimed 1n claim 1 comprising optimizing,
said cost function in an iterative optimization algorithm
using a plurality of sets of alternative start values that are
respectively determined for respective center frequencies of
different substances, with each set of alternative start values
being respectively for one of said diflerent substances, and
minimizing said cost function for each of said sets of
alternative start values.

6. A method as claimed 1n claim 5 wherein said di
substances are water, fat and silicone.

7. A method as claimed in claim 5 comprising, in said
computer, evaluating a quality of the optimization of the cost
function dependent on whether function values of the mini-
mized cost function undershoot a threshold value.

8. A method as claimed 1n claim 7 comprising using, as
the minimized cost function, the minimized cost function,
respectively obtained from said diflerent sets of start values
that has the lowest minimized function value.

9. A method as claimed 1n claim 8 comprising evaluating
said minimization of said cost function by determining
whether a frequency function of the determined parameters
of the optimized parameterized model function has a single
maximuin.

10. A method as claimed 1n claim 9 comprising, when said
frequency spectrum of said optimized parameterized model
function has said single maximum, determining, in said
computer, an additional maximum of said frequency spec-
trum of the optimized parameterized model function by
reducing said threshold, and determining a substance
assigned to said single maximum dependent on a position of
said additional maximum 1n said frequency spectrum of the
optimized parameterized model function.

11. A method as claimed 1n claim 10 comprising calcu-
lating said system frequency as a weighted mean value
calculation depending on the frequency value of a primary
maximum and a frequency value of at least one secondary
maximum of the optimized modeled frequency spectrum,
cach weighting in said weighted mean comprising a deter-
mined amplitude of respective maxima of the optimized
parameterized model function.

12. A method as claimed in claim 11 wherein said
different substances are water, fat and silicone, and com-
prising weighting the maximum for water with a value 1
when calculating said system frequency.

13. A magnetic resonance (MR) imaging apparatus com-
prising:

an MR data acquisition scanner;

a control computer configured to operate the MR data

acquisition scanner in order to acquire diagnostic MR
data from an examination region of a subject, once a
system frequency for said MR data acquisition scanner
has been set:
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said control computer being configured to operate the MR
data acquisition scanner, prior to acquiring said diag-
nostic data, i order to acquire a frequency spectrum of
the examination region;

said control computer being configured to automatically
determine a cost function that represents a diflerence

between a predetermined model function that 1s param-
cterized with assigned parameters, and the acquired
frequency spectrum;

said control computer being configured to execute a
minimization algorithm that minimizes said cost func-
tion;

said control computer being configured to execute an
optimization algorithm that optimizes said parameter-
1zed model function, to obtain an optimized parameter-
ized model function 1n which at least one of said
assigned parameter 1s changed as a result of said
optimization algorithm, and determining parameters of
said optimized parameterized model function corre-
sponding to the minimized cost function; and

said control computer being configured to use the deter-
mined parameters to set said system frequency and to
emit electronic control signals from said computer, that
include a designation of said system frequency that has
been set, to said MR data acquisition scanner and to
operate said MR data acquisition scanner at the set
system Irequency in order to acquire said diagnostic
MR data from said examination region.

14. A non-transitory, computer-readable data storage

medium encoded with programming instructions, said stor-

5

10

15

20

25

18

age medium being loaded into a control computer of a
magnetic resonance (MR) apparatus, which comprises an

M.

R data acquisition scanner, said programming instructions

causing said control computer to:

prior to operating said MR data acquisition scanner in
order to acquire diagnostic MR data from an examina-
tion region of a subject, providing the computer with a
frequency spectrum acquired from the examination
region;

automatically determine a cost function that represents a
difference between a predetermined model function
that 1s parameterized with assigned parameters, and the
acquired frequency spectrum;

execute a minimization algorithm that minimizes said cost
function;

execute an optimization algorithm that optimizes said
parameterized model function, to obtain an optimized
parameterized model function in which at least one of
said assigned parameter 1s changed as a result of said
optimization algorithm, and determine parameters of
said optimized parameterized model function corre-
sponding to the minimized cost function; and

use the determined parameters to set said system fre-
quency and emit electronic control signals from said
computer, that includes a designation of said system
frequency that has been set, to said MR data acquisition
scanner, and operate said MR data acquisition scanner
at the set system frequency in order to acquire said
diagnostic MR data from said examination region.
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